ABSTRACT The seasonal abundance of woolly apple aphid (Eriosoma lanigerum Hausmann) was studied from 2005 to 2008 in commercial orchards in central Washington State. There was a single period of crawler migration on the tree trunks each year lasting from 7 to 16 wk. The peak period of crawler activity ranged from early June to late July, although peaks in June were more common. In one orchard, peak densities occurred 7 wk later in 2006 than in 2005. In all orchards where large numbers of crawlers were caught (up to 1,420 per band per week), more crawlers were caught in the lower band (migrating up from root colonies) than in the upper bands (migrating down from the aerial colonies). However, the peak period of crawler migration was similar for root and aerial colonies. In contrast, peaks in population densities of aerial colonies were sometimes bimodal, usually spanning the period from late May through mid-October; however, colonies were detected in mid-April in one orchard. There was no consistent relationship between the crawler density and aerial colony density within an orchard; this raises challenging questions regarding annual reinfestation of the aerial portions of the tree. Nymphs and adults formed 66 and 15%, respectively, of all stages found throughout the season. Alates were only found in September and October in orchards with fall populations, comprising up to 43% of individuals in aerial colonies. Overwintering survival was higher on the root colonies than in the aerial colonies in both years this was studied. Fruit infestation by aphids was relatively rare, and occurred only when aerial colonies were numerous.
Woolly apple aphid (Eriosoma lanigerum Hausmann) has been recognized as a pest of apple (Malus domestica Borkhausen) since the 1840s (Walsh and Riley 1869) and likely much earlier than this (Theobald 1921) . It originated in eastern North America and has since spread to the apple-growing regions of the world (Blackman and Eastop 2000) . Its life cycle was Þrst described as heteroecious by Patch (1912) identifying American elm as the overwintering host and apple as an alternate host. American elm does not occur in most areas of the world where apples are grown; thus, it is apparent that this species has adapted to live on a single host (apple) year round.
Woolly apple aphid was probably transported on infested apple stocks to Washington as the apple industry was starting in the 1880s. Control recommendations for this pest were included in the earliest spray calendars from Washington State (Beattie and Melander 1912) and have been present in pest control literature since that time (Beers et al. 1993 , Smith et al. 2007 .
Most of the literature on basic biology comes from the eastern United States, in areas where American elm occurs (Baker 1915 , Patch 1916 , Marcovitch 1934 , Schoene and Underhill 1935 , Brown and Schmitt 1994 , and where presumably, the primary host plays a role in population development. Some more recent studies come from South Africa, Australia, and New Zealand where this pest is well established (Asante et al. 1993 , Sandanayaka and Bus 2005 , Heunis and Pringle 2006 , Damavandian and Pringle 2007 . However, there are relatively few biology and life history studies from the western United States (Hoyt and Madsen 1960 , Walker 1985 , Walker et al. 1988 .
Woolly apple aphid has recently become a more prevalent and important pest of apple in Washington (E.H.B., unpublished data). Possible reasons include reduction in organophosphate insecticide use (Penman and Chapman 1980) ; disruption of natural enemies by pesticides; increased overwintering survival; and a decline in the numbers of orchards on resistant rootstocks. In addition, this pest was recently cited as a quarantine concern for China and Taiwan, two countries which import Washington apples (Warner 2006) .
The goal of this study was to provide contemporary data on the seasonal occurrence, dispersal, and life stage distribution of woolly apple aphid in the arid fruit-growing districts of central Washington to provide a better basis for integrated control efforts.
Materials and Methods
Four commercial orchards in central Washington were sampled throughout the 2005Ð2007 seasons (three per year) for woolly apple aphid and its natural enemies. In 2005, preliminary data on crawler migration were collected in a single orchard. Supplementary samples of speciÞc life history parameters were taken in additional orchards in 2006 Ð2007. The orchards were located near Bridgeport (AH), Brewster (CR), Quincy (SK), and Vantage (VA). Two different blocks were used in the VA orchard: VA-5 (2006) and VA-33 (2007) . All orchards had a history of woolly apple aphid infestation and a relatively selective insecticide program. In 2008, a survey of aerial colonies only was conducted in 20 orchards throughout the central fruitgrowing districts of Washington to broaden the base of observations on one of the most important phases of population development.
Crawler Migration. Crawler (Þrst-instar nymph) movement between aerial and root colonies was assessed with two sticky bands on each tree which completely encircled the tree trunk. Three trees per site were sampled. Bands were made of a 3-cm-wide strip of heavy-duty aluminum foil wrapped around the trunk and held in place with adhesive (General Purpose 45 spray adhesive; 3M, St. Paul, MN). A thin bead of insect trapping medium (Tree Tanglefoot; The Tanglefoot Company, Grand Rapids, MI) was placed around the center of each band. The lower band was placed 15 cm above the soil surface to trap Þrst-instar nymphs moving up the trunk from the root colonies. A second band was placed 1 cm above the Þrst to trap nymphs moving down from shoot colonies. Bands were set out in April or May and replaced weekly until mid-October. The AH orchard was sampled for 3 yr. The VA orchard was sampled 2006 Ð2007, but a more heavily infested block was used in 2007. The SK and CR orchards were sampled for one season, in 2006 and 2007, respectively. Aerial Colonies. Three additional trees adjacent to the banded ones were selected at each site for evaluating aerial colony development. Colonies were counted weekly on both banded and unbanded trees. All colonies on the tree were counted. Aerial colonies were counted at all sites sampled in 2006 Ð2007.
Orchard blocks chosen for the 2008 survey all had a history of woolly apple aphid infestation. The blocks were located in the following counties: Okanogan (4); Douglas (3); Grant (5); Yakima (3); and Benton (5). Of the 20 blocks, 6 were under organic management, and the rest were under conventional management. Aerial colonies were assessed by conducting a 5-min count of colonies in a 1-to 3-acre section of each of the blocks every 1Ð3 wk from April through October.
Stage Distribution. On additional trees (not used for crawler migration or aerial colony density), up to 5 (2006) or 10 (2007) colonies were collected on a weekly basis. The colonies (along with natural enemies) were stored in a refrigerator for a few days and transferred to 70% ethanol before examination. The stages of woolly apple aphid (nymph, alate, or apterous adult) were identiÞed and recorded.
Overwintering Forms. Colonies of woolly apple aphid were collected in late March and early April of 2006 Ð2007 to determine the status of overwintering aphids and parasitoids. Colonies were taken from trunks and surface roots of apple trees. Samples were taken from the AH, WB, SK, CT (Brewster, WA), and HF (Brewster, WA) orchards. One to Þve colonies per site were collected, and the percentage survival, rate of parasitism, and stage of the parasites and aphids were determined. Aphids were stored in 70% ethanol.
Fruit Sampling. Fruit inspection was conducted in the regularly sampled orchards in 2006 and 2007. Samples were taken weekly from two rows adjacent to the banded and unbanded trees used for determining crawler migration and aerial colony development. The stem and calyx ends of 500 fruit per orchard were examined in situ for the presence of woolly apple aphid. Any fruit with visible signs of infestation was cut open and examined for core infestation. Woolly apple aphids were sampled in the same rows as fruit samples were taken by counting colonies observed in a 3-min search.
Additional fruit infestation samples were taken near harvest in other commercial orchards infested with woolly apple aphid, for a total of 19 samples in 2006 and 2007. The density of the aerial colonies was regressed against the percentage fruit infestation (PROC REG; SAS 1988) to determine whether fruit infestation could be predicted from colony density.
Results and Discussion
Crawler Migration. The primary period of crawler migration in the AH orchard occurred from early May to early July in 2005 (Fig. 1A) . The peak density occurred in early June, with an average of 800 crawlers per week caught in the lower band. In 2006, the peak was of similar magnitude to 2005, but occurred nearly 7 wk later, in late July, with a correspondingly later time span (late June to mid-August; Fig. 1B ). In 2007, peak densities in the lower band were slightly higher than in previous years (930 crawlers per week), and occurred in early June, with the primary migration period spanning mid-May to late July (Fig. 1C) . The timing of the 2007 peak was similar to that of 2005, although the migration period lasted a few weeks longer in 2007. Fewer crawlers were captured in the upper band than in the lower band in all 3 yr. Peak densities were 3.3, 43.5, and 2.0 times higher in the lower band in 2005Ð2007, respectively, indicating a stronger migration upward from root colonies than downward from the aerial colonies.
Crawler numbers were much lower in the VA block 5 (Fig. 1D ) than in the AH block in 2006. Peak densities were 19 crawlers per week; in this block, numbers found in the upper band were slightly higher than those found in the lower band. A different block in the VA orchard was used in 2007 (block 33; Fig. 1E ). Crawler migration occurred from mid-May to MidJuly, with a peak density of 740 crawlers per week in early June in the lower band. Peak densities in the lower band were 4.7 times higher than in the upper band.
Crawler migration in the SK orchard in 2006 (Fig.  1F ) occurred from late May to early August, with a peak density of 1,420 crawlers per week in late June in the lower band. There were 17.1 times more crawlers in the lower band than in the upper band.
In the CR orchard (2007), the period of crawler migration lasted from late April through late August but at very low levels (Fig. 1G ). The upper band had a slightly higher peak of 13 crawlers per week in late April.
In all orchards and years with high numbers of crawlers trapped, the migration pattern of the crawlers showed a single peak. The peak occurred in the period from early June through late July. There did not seem to be a consistent year effect; the two orchards with high populations in 2006 peaked in late July (AH; Fig. 1B ) versus late June (SK; Fig. 1 F) . Surprisingly, the peak densities in the upper bands occurred at the same time as those in the lower bands. These data do not support the hypothesis that woolly apple aphids migrate downward in the fall to the root colonies.
In addition, these data are in contrast to those of Walker (1985) , who found high numbers of crawlers in both upper and lower trunk bands in from July through October. Our studies indicate that crawler numbers diminish considerably after July, with distinct differences between the upper and lower bands. However, WalkerÕs studies began in July; thus, no comparisons can be made to the early part of the season (April through June). The numbers of crawlers found in WalkerÕs studies were very high in comparison to our data; crawler numbers exceeded 2,000 per day, whereas we never exceeded 1,500 crawlers per week. Differences in the trap types and trunk circumference may have inßuenced efÞciency and total numbers, or the trees used in the earlier study may have had an extremely high level of infestation. These data are also unlike the patterns found by Hoyt and Madsen (1960) in coastal California. In this mild winter climate, crawler migration occurred year round, although the greatest movement was in the period from July through September. In addition, there was no apparent preference for upward or downward movement. In Great Britain, Theobald (1921) found a strong upward movement in the spring, followed by a downward migration in the fall. Heunis and Pringle (2006) found some crawler movement throughout the year in South Africa, although minimal during the winter. Migration started as early as August (equivalent to February in the northern hemisphere), with peak activity in November through January (May through July). These authors also noted considerable seasonal variation within a site in the seven seasons of banding.
Both Hoyt and Madsen (1960) and Heunis and Pringle (2006) mention the negative inßuence of rainfall on crawler movement. The latter study found an inverse relationship between rainfall and crawler movement at one site. It is difÞcult to relate this effect to central Washington, where rainfall during the period from April through October ranges from 38 to 127 mm; most of the soil moisture is supplied through permanent irrigation systems delivering Ϸ50 mm once per week. Soil moisture is kept relatively constant; thus, crawlers are less likely to show strong seasonal ßuctuations related to rainfall. Aerial Colonies. Aerial colony densities were low in the AH orchard in 2006 ( Fig. 2A) despite the high level of root infestation in the orchard indicated by the sticky bands. Average densities never exceeded three colonies per tree. In contrast, densities were high in 2007 (Fig. 2B) , with the highest population levels occurring from late May through mid-July, with a peak density of 39 colonies per tree in early June. In the VA orchard in 2006 (block 5; Fig. 2C ), aerial colony densities were moderately high despite the low crawler densities (Fig. 1D) , the reverse of the AH block. Two peaks in aerial density occurred, the Þrst in June, and a second, broader peak in August through mid-October (maximum of 19 colonies per tree). Aerial colony densities in VA-33 were moderate in 2007 (Fig. 2D) , which had very high crawler densities (Fig. 1E) . In 2007, two distinct peaks occurred in VA-33: the Þrst in late June and the second in late September. Aerial colony densities reached 18 colonies per tree in both peaks. The SK orchard had a single peak of 17 colonies per tree in mid-August in 2006 (Fig. 2E) . The CR orchard in 2007 had aerial colonies almost throughout the season (Fig. 2 F) , although populations were higher in late summer and early fall (peak of 10 colonies per tree in mid-August).
In one case (AH, 2007; Fig. 2B ) the number of colonies per tree was higher in the unbanded trees, whereas in another case (VA, 2007;  Fig. 2D ), the reverse was true. In all other orchards and years, there were no consistent differences in population densities on banded versus unbanded trees. These data do not support the hypothesis that interrupting crawler migration has a signiÞcant impact on aerial colony development (Theobald 1921) ; however, recolonization from aerial dispersal of crawlers could have been a factor in these single tree plots. The lack of a consistent relationship between aerial and root colonies implies that control of aphids in one habitat will have little inßuence over control in the other habitat.
Aerial colony seasonal patterns in the 2008 survey fell into three general groups: a mid-season peak (6 orchards; Fig. 3A) , a mid-and late-season peak (11 orchards ; Fig. 3B) ; and a late-season peak (3 orchards; Fig. 3C ). One orchard in the late season group (a research orchard that had been deliberately perturbed with pesticides) had a very high population from July though October, peaking at Ϸ200 colonies per 5 min. This orchard is a demonstration of how a prior history of infestation, coupled with disruption of natural enemies and lack of insecticidal control can produce a severe outbreak of this pest.
Because we did not track pesticide use in the surveyed orchards, it is difÞcult to determine what effect they might have had on the population timing and severity. In general, growers rarely apply pesticides after early September because of preharvest intervals, or harvest operations that are in progress. The orchards experiencing high fall populations may reßect this aphidÕs ability to expand during the cooler weather occurring at that time. Conversely, a period of extremely high temperatures occurring from 14 to 18 August 2008, with temperatures ranging from 35 to 41ЊC over the entire region, may also have inßuenced the late-August population decline that occurred in many orchards.
These data are in contrast to those of Brown and Schmitt (1994) in West Virginia who found that aerial colonies have a single peak in June. Similarly, Schoene and Underhill (1935) noted that aerial colonies in Virginia disappear during the hot summer months. Several authors (Walker et al. 1988 , Asante et al. 1991 have noted a relatively low temperature optimum (Ϸ20ЊC) for this species, with temperatures of 30ЊC and higher being unfavorable for development. This would tend to support the hypothesis that high temperatures cause the colonies to die out. However, this trend did not occur consistently in central Washington, despite high daily maximum temperatures during the summer. Indeed, July and August (the hottest months of the year in central Washington) have been considered typical periods for woolly apple aphid outbreaks (Fernandez et al. 2005) .
Stage Distribution. Because of the low colony number in the AH block in 2006 (Fig. 4A) , stage distribution was determined for relatively few dates. The higher densities in 2007 facilitated this assessment (Fig. 4B) . In all samples, nymphs formed the highest proportion of live aphids in the colony, averaging 66% of all stages found throughout the season. Apterous adults were the next most numerous, with an average of 15%. Alate adults were only found in orchards with a high population late in the season (VA-5, 2006, Fig. 4C; VA-33, 2007, Fig. 4D; and CR, 2007, Fig. 4F ). Alates occurred from mid-September through mid-October, peaking (30 Ð 43%) in late September. The low aerial colony densities in September and October in the other two orchards were likely responsible for the absence of alates. We observed alate aphids frequently in other highly infested orchards and believe this is a common occurrence in Washington.
Overwintering Forms. Approximately 20 times more aphids were found on the aerial portions of the trees on the tree than on surface roots (Table 1) ; this is a reßection of the difÞculty of Þnding colonies on the latter. The majority of the colonies found on the aerial portion were in pruning wounds, although in a few cases, colonies were found on shoots. Survival tended to be much higher in the root colonies (79 Ð 89%) versus the aerial colonies (31Ð54%). These data cast a slightly different light on the hypothesis that survival on the aerial portions of the tree is negligible. Walker (1985) found only 1.3% of the aphids alive in the spring of 1984 in Þve sites in central Washington. It is unknown why higher survival rates were found in this study, although mild winter temperatures will likely enhance survival. However, it was clear from our limited samples that site-to-site variability was considerable. In addition, the low overwintering survival in the VA-5 block in the spring of 2006 did not prevent a substantial aerial population from forming later in the season (Fig. 2C) . At most, high overwintering mortality on the aerial portions of the tree would likely only delay population development and not prevent it. The presumably higher overwintering survival in the root colonies are the most probable source of reinfestation of the tree by midsummer. It is also possible that, despite poor survival of aerial colonies, the aphid population may eventually increase to high levels without substantive crawler migration from the root colonies. The role of the root versus aerial colonies in sustaining the population from year to year merits further investigation.
Fruit Sampling. Fruit infestation with woolly apple aphid was found in 3 orchard-years of the blocks sampled weekly (Fig. 5) . In all cases, a higher percentage of fruit infestation was found when the aerial colony density was highest. In VA-33 (2006 and Fig. 5A and B) , a low percentage of fruit infestation was detected in mid-June, which became undetectable as aerial colony density declined. In general, the highest levels occurred in late summer and fall, when colony densities increased. Percentage infestation of the surface of the fruit ranged from 3 to 6.2% at the highest levels detected. Only a single apple was found with woolly apple aphid in the core, indicating this was Aphids not classed as live or dead were mummies from the parasitoid Aphelinus mali. a relatively uncommon occurrence. Previous studies showing a high incidence of core infestation (5Ð16%) (Essig 1942 , Madsen and Hoyt 1957 , Hoyt and Madsen 1960 occurred in cultivars with an open calyx (ÔNew-town PippinÕ and ÔYellow NewtownÕ), presumably facilitating the entrance of crawlers.
There was a signiÞcant relationship between aerial colony density and the percentage of fruit infestation (F ϭ 8.14, P ϭ 0.01, df ϭ 1,18, R 2 ϭ 0.32) in the orchards sampled a single time close to harvest (Fig.  6) . However, the low R 2 value indicated that the predictive value of this parameter is only moderate and that considerable variation occurred. This is evidenced by one site that had a very high colony density but a relatively low percentage of fruit infestation. Similarly, previous authors Hoyt 1957, Hoyt and Madsen 1960) found that the degree of fruit infestation was in general, positively related to aerial colony density. Canopy architecture, especially the proximity of fruit to points of infestation, may inßu-ence the degree of fruit infestation that occurs.
Overall, this study provides a slightly different perspective than was previously held on woolly apple aphid population dynamics. The seasonal phenology is much less predictable than has been shown in the eastern United States, where populations peaked in early June (Brown and Schmitt 1994) . High populations occurred from May through October in this study, with either single or bimodal peaks. In addition, we have seen high populations as early as the prebloom and bloom period on apple in mid-late April attacking blossoms (E.H.B., unpublished data), further extending the activity period of this pest. Because of the absence of the primary host, woolly apple aphid in central Washington may be much less inßuenced by typical heteroecious aphid seasonal phenology (migration from the primary to the secondary host and back). These data lead us to surmise that population densities in the fall, overwintering survival, natural enemies, and pesticide regimens play a far greater role in the population dynamics of this pest.
The dispersal of this pest outside of the regions where the primary host occurs is surprisingly little studied. Hoyt and Madsen (1960) concluded that crawlers, wind dispersal, or human activities (i.e., transporting infested nursery stock) are the primary means of spread. However, there is persistent speculation (Theobald 1921 , Schoene and Underhill 1935 , Sandanayaka and Bus 2005 that alate forms, which would normally be the return migrant to elm, may spread this species to other apple trees, regardless of whether a primary host is available. While the alates occasionally produce virginoparae, the majority of their progeny seem to be sexuparae (Sandanayaka and Bus 2005) . Furthermore, the eggs produced by the sexuparae have been found on apple, but successful hatch has not been recorded (Sandanayaka and Bus 2005) . Without further evidence, it seems unlikely that alates are an important means of spread within an orchard or a region.
The information on overwintering survival and crawler movement raises interesting questions on yearly reinfestation of the aerial portions of the tree in the absence of a primary host. If overwintering survival is low, this should delay the development of aerial infestations until crawlers from the root system can establish aerial colonies in midsummer. Population peaks regularly occur during this period, despite the regular occurrence of temperatures higher than those that are optimal for aphid development. Conversely, high overwintering survival on the aerial portions of the tree may mean that the contribution from the root colonies is negligible in overall population development, and aerial colonies can rapidly re-establish in the spring solely from the overwintering colonies. A corollary question involves the role of rootstocks resistant to woolly apple aphid (especially when most scion cultivars are highly susceptible), and their value in overall population management. Fig. 6 . Relationship between numbers of aerial colonies of woolly apple aphid and fruit infestation (pooled 2006Ð07 data); y ϭ 1.37 ϩ 0.035(x), where y is the predicted percent fruit infestation, x is the aerial aphid colonies per 3-min search; F ϭ 8.14, P ϭ 0.01, df ϭ 1,18, R 2 ϭ 0.32; error mean square ϭ 28.87; intercept (ϮSE) ϭ 1.37 Ϯ 1.59; slope ϭ 0.035 Ϯ 0.01.
